The High Altitude Water Cherenkov (HAWC) gamma-ray observatory detects cosmic-and gamma-ray initiated air showers in the TeV energy range using 300 water Cherenkov detectors (WCDs). To improve its sensitivity at the highest energies, HAWC has been upgraded with a sparse array of 345 small WCDs (outrigger array) around the HAWC main array. The outrigger array increases the instrumented area of HAWC by a factor of 4 and has started taking data since August 2018. A new gamma-ray reconstruction method has been developed to improve the reconstruction of the air showers which combines the data of mixed type particle detector arrays. In this contribution, we will show the first results of the combined air shower reconstruction of HAWC and its outrigger array using Monte Carlo simulations and the first combined experimental data set.
Introduction
The High Altitude Water Cherenkov gamma-ray observatory (HAWC) [1] is a second generation ground-based Water Cherenkov Detector (WCD) array. It is located at Sierra Negra in the state of Puebla in central Mexico (18 • 59'41" N, 97 • 18'30.6" W) at 4100 m above sea level. The array is composed of 300 WCDs encompassing an area of 22000 m 2 (see Figure 1 , the central array). HAWC is sensitive to gamma-and cosmic-rays in an energy range of a few hundreds of GeV to ∼100 TeV energies. The observatory has a large instantaneous field of view of ∼2 sr which covers the declination band of -24 • to 64 • on a daily basis. It has been fully operational since March 2015 with a duty cycle >95%.
HAWC is an excellent instrument to study the gamma-ray sky at the highest energies. The study of sources emitting gamma-rays above a few tens TeV energy are of great interest, because these sources might be associated to PeVatrons that accelerate cosmic rays to PeV energies. Additionally, the study of diffuse emission or extended sources at these energies may shed light to more exotic phenomena. 
The Outrigger Array
HAWC has been recently upgraded with a sparse array of smaller WCDs around the main HAWC array. This is because, the footprint of the shower on the ground is inherently dependent on the primary particle energy and on the altitude of the detector plane. At HAWC altitude, the footprint of the shower at around ∼10 TeV primary particle energy becomes comparable to the total instrumented area. Therefore, most of the showers at these energies are not well-contained within the array. Although the HAWC main array still has enough information to perform gamma-hadron separation, direction reconstruction, and shower size estimation, the shower reconstruction suffers due to the large uncertainty in the core location. Using the outrigger array, it will be possible to better constrain the core location, so that the shower reconstruction can be improved. It will lead to an increased number of well-reconstructed showers above multi-TeV energies. Hence, it will improve the sensitivity of HAWC at those energies.
HAWC outrigger array consists of 345 cylindrical tanks of diameter 1.55 m and height 1.65 m. Each with one 8" PMT anchored at the bottom of the tank [2, 3] . The outrigger array is deployed in a concentric circular symmetric way around the main array (see Figure 1 ). The outrigger array increases the instrumented area of HAWC by a factor of 4-5. The outriggers are mutually separated from each other by 12 to 18 m. The smaller size and larger separation of the outrigger WCDs are prompted by the fact that there are a lot of particles and consequently bigger signals present near to the core of a big shower. For trigger and readout purpose, the outrigger array is divided into 5 sections of 70 outriggers each, connected to a node with equal cable lengths. Each node hosts the power supply and the trigger, readout, and calibration system for the corresponding section. The fully deployed outrigger array has started taking data since August 2018.
Air Shower Reconstruction
To combine the reconstruction of the Outrigger array with the one of the HAWC main array and to improve the reconstruction of the HAWC in general, a new Monte Carlo (MC) template-based reconstruction method has been developed with a focus on shower core and energy reconstruction of γ-ray induced air showers [4] . The algorithm fits an observed lateral amplitude distribution function (LDF) of an extensive air shower against an expected probability distribution function (PDF) using a likelihood approach for a given shower arrival direction. In this case, the LDF is the observed number of photo-electrons (N pe ) at a given distance from the shower axis (r). A full MC air shower simulation in combination with the HAWC detector simulation (HAWCSim) [5, 6] is used to generate the expected PDFs. The PDFs are binned in energy, X max and zenith angle bins. Each such PDF template is further binned N pe and r. The probability of an observed LDF deduced from the PDF is used to construct the negative log-likelihood, which is then minimised to estimate the best describing fit parameter values, such as energy and the core location.
The working of the method for the combined reconstruction of the HAWC main array with the Outrigger array is illustrated with one example MC event shown in Figures 2. The signals are detected in both WCDs, the outriggers and the HAWC main array. It shows the likelihood contours and the reconstructed and true core for a simulated event located in the area instrumented by the outrigger array. The red and green colour stars show the true (simulated) and reconstructed core locations respectively. The reconstructed core location is coincident with the prominent minimum shown with blue coloured contours of the likelihood surface. Therefore, it can be seen that the method converged to very close to the true core location. For this event, in Figure 3 the best fitting templates corresponding to the main array tanks and the outriggers are shown in the left and right panel respectively. In the case of the smaller outrigger detectors, the fluctuations in the particle density of the shower front become more prominent, which manifest in both larger amplitude fluctuations and more zero signal detectors. Nevertheless, it is not a problem for the template-based likelihood fit procedure, which combines these significantly different detector responses naturally to reconstruct the γ-ray properties, such as in this case, the core location and the energy of the primary particle.
Simulation results

Core Estimation
In Figure 4 , the expected improvement in the core resolution due to the outrigger array is shown as a function of true energy for the γ-ray induced air showers. To obtain the core resolution only the showers falling on the area of the Outrigger array are taken into account. The core resolution is defined as 68% containment radius of the distribution of the distance between the reconstructed and true shower core. In order to have enough outrigger detectors triggered, an additional condition of at least 4% of the Outrigger array trigger was applied. To evaluate the improvement due to the outrigger array, the comparison is shown between the reconstruction of the events falling on the area of the outrigger array with only HAWC main array (MA) using the SFCF (present core estimator employed in HAWC reconstruction) and LH (likelihood) method, and with that using the HAWC main array and the Outrigger array (OR) combined for the LH method. It can be seen that the outrigger array improves the core resolution by ∼3 fold in comparison to SFCF above 1 TeV energies. Although it is to be noted that the LH method already performs better than the SFCF method even without using the outrigger array. However, the core resolution improves further for the LH method while using the main array and outrigger array combined. The improvement is about 3 fold around 10 TeV energies and drops down to 2 fold at the highest energies. This better core resolution will therefore result in improvement in the reconstruction of other shower properties such as arrival direction, energy estimation and gamma-hadron separation.
Energy Estimation
The performance of the energy reconstruction can be evaluated by the fractional deviation (log 10 (E reco ) -log 10 (E true )) of the reconstructed energy with respect to the true energy. The deviation of the mean of the fractional deviation distribution from zero (see Figure 5 , top panel) is the bias in the energy reconstruction. Similarly, the RMS can be understood as the energy resolution (see Figure 5 , bottom panel). The results are shown for the showers falling on the Outrigger array (same events used in the core resolution study shown in section 4.1) based on the method described in [4] and they are therefore different from the results shown in [7] . A comparison of the performance of energy estimation methods used in [4] and [7] are beyond the scope of this contribution. The energy bias is large at the low energies but converges to zero at energies >10 TeV, which indicates the stable region of the energy estimation whilst combining the HAWC main array and the outrigger reconstruction. It is to be noted that the expected improvement due to outriggers will be in the energy range above 10 TeV as discussed in section 2 for the showers falling in the Outrigger array. The bottom panel of Figure 5 shows the energy resolution of the likelihood fit method, which starts at ∼50% at 10 TeV energies and improves to ∼25% at the highest energies.
Experimental Data
To illustrate the proof of the concept, in Figure 6 , an example candidate γ-ray event coming from the vicinity of the Crab Nebula and observed using both the HAWC main array and the Outrigger array is shown. In Figure 7 , the corresponding LDF and PDF are shown. The explanation of the likelihood surface and the LDF and PDF of the given event is the same as discussed in Section 3. However, it is to be noted that the hit selection and more realistic outrigger simulation is still a work in progress. Therefore, this Crab Nebula event is selected using the existing criteria for the main array only. Nevertheless, it can be seen that the new likelihood method reconstructs the event by fitting it to a PDF that closely represents the LDF of the observed data event.
Outlook
In this contribution, the combined reconstruction of the HAWC main and the outrigger array is shown by utilising the newly developed MC template-based likelihood fit method. The simulation result on the core estimation improvement is very promising together with another tool to perform the energy estimation with the outrigger array. The first look to the application of the new reconstruction method on the experimental data-set looks encouraging. Currently efforts are being made within the HAWC collaboration to fully integrate the outrigger array for the science operation together with the main array. Those include the evaluation of the improvement in the sensitivity due to outriggers and to understand and utilise the combined experimental data-set of the HAWC main and the outrigger arrays.
